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Abstract
Information on the foraging behaviour of sea snakes has the potential to clarify
adaptive pathways involved in the evolutionary invasion of marine habitats by
terrestrial vertebrates. However, logistical obstacles have precluded studies in this
field. To obtain preliminary data of diving behaviour, we surgically implanted
temperature-depth loggers into two sympatric, amphibious, benthic foraging sea
krait species from New Caledonia. Based on logger recovery from three snakes (1
Laticauda laticaudata and 2 L. saintgironsi), we obtained data on a total of 1850
dives carried out over eight foraging trips and 39.6 days at sea. Almost 99% of
dives were <30 m deep. Average dive depth was 10.7 ± 7.0 m, but snakes dived as
deep as 82.6 m. Maximum dive duration was ≥123.7 min. At sea, snakes dived
continuously, with over 90% of surface recovery periods lasting less than 3 min in
L. saintgironsi (n = 1). Periods at the surface (between successive dives) were
longer at night than by day, plausibly reflecting more intense hunting activity by
the snake. Locomotor speed, as measured by the rate of vertical descent or ascent
during diving, was low (0.15 m s−1). In combination with other data on these
species, we estimate that metabolic expenditure was about 10 times greater while
the snakes were at sea than on land; and their overall field metabolic rate (70–
145 kJ kg−1 day−1) was an order of magnitude less than has been reported for
diving endotherms. Despite low sample sizes, our study shows that implanted data
loggers can provide novel insights into sea snake biology. Our data emphasize the
behavioural and ecological consequences of ectothermy for secondary marine
vertebrates. In particular, they illustrate how ectothermy allows species to thrive
on rates of energy intake vastly lower than are required for their endothermic
competitors.
Introduction
Sea snakes are the largest group of marine reptiles. Most of
the approximately 200 species (Murphy, 2012) are ‘true’ sea
snakes (Hydrophiinae), fully marine viviparous reptiles that
never leave the ocean (Heatwole, 1999). A second, older
phylogenetic lineage consists of oviparous sea kraits
(Laticaudinae), which divide their time more or less equally
between foraging at sea and resting on land, where they digest
prey, slough, mate and lay eggs (Heatwole, 1999). Other tran-
sitions from terrestrial to aquatic life are seen in smaller
groups (e.g. Homalopsidae, Acrochordidae) and even in occa-
sional species within other lineages (e.g. Elapidae, Natricidae:
see Murphy, 2012). The repeated independent colonization of
marine habitats provides exceptional opportunities for com-
parative studies, to clarify the processes involved in a major
phylogenetic transition in habitat types (e.g. Shine & Shetty,
2001; Brischoux et al., 2012).
Foraging behaviour lies at the heart of this transition. All of
the secondary marine snakes forage in the ocean, with terres-
trial habitats used for other functions. Thus, the exploitation
of underwater foraging niches has been an important
(although not unique) driver of the transitions from terrestrial
to marine life (Vermeij & Dudley, 2000; Lillywhite, Sheehy &
Zaidan, 2008). From a management perspective, knowledge
of foraging behaviour may help us to understand the reasons
for decline of wild populations of sea snakes and what habitats
are critical for maintaining viable populations (e.g. Goiran &
Shine, 2013; Lukoschek et al., 2013; Nguyen et al., 2014).
Available data on foraging behaviour in sea snakes derives
from observations made from boats or underwater (Dunson,
1975; Heatwole, 1975). Such data provide important
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information on hunting behaviour, but sample sizes are
limited by logistical constraints, snake behaviour potentially is
influenced by diver presence, and many factors influence
observability. Bio-logging (the use of electronic tags for rec-
ording behaviour in free-ranging animals: Ropert-Coudert &
Wilson, 2005) offers the potential for cost-effective detailed
documentation of snake behaviour over long periods that can
complement data collected by hand. Although bio-logging has
been used repeatedly to study diving behaviour in marine
birds, mammals and turtles (Ropert-Coudert et al., 2009), it
has only been used once for this purpose in a free-ranging sea
snake species, in the pioneering work by Rubinoff, Graham &
Motta (1986, 1988) on the yellow-bellied sea snake Pelamis
platurus (see recent review by Cook & Brischoux, 2014).
In the present study, we use bio-logging to investigate the
foraging behaviour of free-ranging sea kraits (Laticauda spp.).
Sea kraits are restricted to coral reef ecosystems of the tropical
Eastern Indian and Western Pacific oceans, where they forage
on benthic prey (anguilliform fish: Reed et al., 2002, Ineich
et al., 2007). The snakes alternate bouts of foraging at sea with
bouts on land, when they digest, slough, drink freshwater,
breed (Heatwole, 1999; Shetty & Shine, 2002; Bonnet, 2012)
and are safe from marine predators. In New Caledonia, two
species live in sympatry on small islets, which are distributed
across the lagoon: Laticauda laticaudata (the blue sea krait)
and L. saintgironsi (the yellow sea krait: Saint Girons, 1964).
Dietary studies on snakes reveal that L. laticaudata feeds pri-
marily on anguilliform species living on soft-bottom habitats,
whereas L. saintgironsi prefers anguilliform species found on
hard-bottom habitats (Brischoux, Bonnet & Shine, 2007a;
Brischoux et al., 2011a). We deployed temperature-depth
recorders on adult individuals of both species in 2006 (see
Brischoux et al., 2007b) and in 2010. Despite the small sample
size of individuals equipped and recovered (n = 3), the data are
extensive for each of those three individuals. Hence, we can
conduct a preliminary exploration of sea krait diving behav-
iour and time budgets, and thus energy budgets.
Materials and methods
Data collection
Fieldwork was conducted in 2005–2006 and 2009–2010 on
Signal islet (22°17′46′ S, 166°17′35″ E), located in the lagoon
off the main island (Grand Terre) of New Caledonia. Snakes
were captured by hand on the beach, when they were com-
muting to and from the sea. Six sea kraits (three L. laticaudata
and two L. saintgironsi in 2006 and one L. saintgironsi in 2010)
were equipped with a temperature-depth recorder together
with a radio-transmitter (see Table 1 for data on snakes and
tags used). Overall, combined mass of both tags represented
2–5% of snake body mass, below the recommended maximum
level (Kenward, 1987).
Devices were implanted intraperitoneally following Reinert
& Cundall (1982). Surgery was performed in a sterile environ-
ment after anaesthetizing snakes with isoflurane (Abbott
Laboratories, Abbott Park, IL, USA). The incision was made
just posterior to the stomach, and on the left side to avoid the
major midventral vein and the lung. The radio-transmitter
was inserted with whip antenna fitted under the skin towards
the tail. The incision was sutured with resorbable thread.
Surgery lasted 45 min and snakes recovered < 5 min later.
Snakes were then kept in calico bags and released after 48 h of
careful monitoring.
Released snakes were tracked daily with a directional
antenna and a LAQ12 receiver (AVM Instrument Co., Ltd.,
Colfax, CA, USA) for 5 weeks and then opportunistically
during successive island visits thereafter. Snakes hid under
rocks for 31 ± 7 days after release (during which time they
sloughed their skins) before going to sea. Four snakes were
recaptured 2 to 3 months after release, and the tags were
retrieved through surgery. Tag data showed that three of these
animals underwent foraging trips, while one snake remained
on land for the entire period following post-surgery release.
Two snakes were not relocated and therefore not recaptured.
Data analysis
The beginning and end of each trip at sea were detected by
sudden shifts in thermal profiles. Diel thermal variation is
much greater when the snakes are on land than when they are
in the ocean (Brischoux, Bonnet & Shine, 2009a). We defined
‘a trip at sea’ as a period of such dampened thermal variation
that included more than one dive (to eliminate any short non-
foraging excursions into the tidal zone, such as those which
occur in L. laticaudata when it is on land: Bonnet et al., 2009).
Table 1 Laticauda spp. Morphology and tag characteristics of Laticauda
sea kraits that undertook foraging trips from Signal Islet, New Caledonia
laticaudata saintgironsi saintgironsi
Snake ID 1428 1680 2177
Year 2006 2006 2010
Sex Female Female Female
Snout-vent length (cm) 110 105 91
Total length (cm) 120 114 100
Body mass (g) 350 390 247
VHF-t SI-2 SI-2 SI-2
Length (cm) 3.3 3.3 3.3
Diameter (cm) 1.1 1.1 1.1
Mass (g) 9 9 9
TDR LTD-1110 LTD-1110 G5
Length (cm) 3.2 3.2 3.1
Diameter (cm) 1.1 1.1 0.8
Mass (g) 2 2 2.7
D resolution (m) ±1 ±1 ±0.1
T resolution (°C) ±0.1 ±0.1 ±0.05
D sampling interval (s) 450 225 450 5
T sampling interval (s) 450 225 450 60
Snakes were equipped with a temperature-depth recorder (TDR)
together with a radio-transmitter (VHF-t). TDR models were LTD-1110
(Lotek Wireless Inc., New Market, ON, Canada) and G5 (Cefas Tech-
nology Ltd., Lowestoft, UK). VHF-t models were SI-2 (Holohil Systems
Ltd., Carp, ON, Canada).
D, depth; T, temperature.
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Dives were analysed using MultiTrace (Jensen Software
Systems, Laboe, Germany). Because of differences in resolu-
tion between data loggers (Table 1), the threshold for dive
detection was set at 2 m and 0.2 m for snakes followed in 2006
and 2010, respectively. For snakes from 2006, we only calcu-
lated the maximum depth reached during each dive because
sampling interval of the depth sensor was too long (225 or
450 s) to enable accurate estimation of other dive parameters
(Table 1). In 2010, however, sampling interval was short (5 s)
and we therefore calculated several dive parameters for the
snake studied that year.
For every dive, we calculated maximum dive depth, dive
duration and post-dive interval (the period spent on the
surface between the end of one dive and the onset of the next).
Descent duration and descent rate (m s−1) were calculated
between the surface and the beginning of the time that the
snake spent moving along the lagoon bottom. Ascent duration
and ascent rate (m s−1) were calculated between the end of this
substrate-based phase and the return to the surface. We
defined the substrate phase as starting and ending when the
vertical transit rate of the snake was >0 m s−1.
Dives were visually categorized according to their dive
shape in MultiTrace. They were sorted into flat-bottomed
dives and other-shaped dives (U- or V-shaped), categories
commonly used in studies on other air-breathing vertebrates
(Cook et al., 2012). The perception of a dive’s shape may vary
according to the time scale at which it is observed. Thus, shape
was determined with the visualization window of MultiTrace
showing 2 h and with depth scale set to display 0–25 m, except
for dives <10 m, where the range of display was 0–10 m. We
also examined the extent to which snakes returned to the same
maximum depth during consecutive dives. Consecutive dives
that returned to the same depth zone were called intra-depth
zone dives (Tremblay & Cherel, 2000). Depth zone was
defined as the maximum depth of the current dive ±10% of the
maximum depth reached during the preceding dive.
For all snakes, we calculated (with MultiTrace) the mean
snake temperature recorded during each dive. Due to their
small size and elongate morphology (high surface area relative
to volume), we assumed that the resistance of snakes to tem-
perature change (thermal inertia) was low and the heat gener-
ated by muscular activity was negligible. Thus, intraperitoneal
temperature serves as a good proxy for ambient sea water
temperature.
Statistics
Statistics were only calculated on data from the one snake
studied in 2010 (snake 2177) because it was the only individual
for which we could calculate detailed dive parameters, due to
logger sampling frequency (Table 1). Using simple polynomial
and exponential regressions, we studied the influence of
maximum dive depth on snake temperature and dive duration,
and the influence of dive duration on post-dive interval. For
the latter, we excluded all post-dive intervals >3.3 min (8% of
post-dive intervals). This threshold was based on an abrupt
break in the distribution of post-dive intervals around this
value. Prolonged periods at the ocean surface (up to 2.3 h)
were likely not related to post-dive recovery and pre-dive
preparation of aerobic dives, but to other activities (Tremblay,
Cook & Cherel, 2005). However, the exact nature of these
activities is not clear. Data are graphically presented as
means ± standard deviation per class, but all regressions were
fitted on the raw data. In the text, results are reported as
mean ± standard deviation.
Results
Activity budgets
Between release and recapture, all three snakes alternated
trips at sea with bouts on land (Fig. 1). During this period,
they carried out 1 to 5 trips at sea. Mean trip length was
3.3 ± 2.1 days (range: 0.6–6.0 days) in L. laticaudata and
6.6 ± 3.6 days (range: 2.0–10.2 days) in L. saintgironsi
(Table 2). Phases on land between foraging trips lasted
12.6 ± 15.1 days (range: 0.7–33.9 days) in L. laticaudata and
5.4 ± 2.3 days (range: 3.0–7.8 days) in L. saintgironsi.
Aquatic thermal environment
On land, mean snake temperature was 29.3 ± 1.1°C and
27.4 ± 1.5°C in L. laticaudata and L. saintgironsi, respectively.
At-sea mean snake temperature was 26.2 ± 0.5°C and
28.9 ± 0.9°C in L. saintgironsi and L. laticaudata, respectively.
Temperatures of snakes at sea were less variable than on land
(Fig. 1). At sea, temperatures ranged between 25 and 28°C in
the two L. saintgironsi, but were higher (27–31°C) in the one
L. laticaudata (Fig. 2). On some days, snake diving activity
had a strong thermal effect (Fig. 1c, Fig. 3). On other days,
temperature showed only minor variation (amplitude ≈0.5°C).
Thus, snake temperature varied at a range of temporal scales.
In snake 2177 for example, temperature remained within a
3°C range over 10 days (trip), 0.5°C over 12 h (diurnal oscil-
lation) and 1°C over ≈10 min (within a single dive).
Diving behaviour: dive depth, duration
and recovery
While at sea, snakes dived continuously (Fig. 1). Dive depth
ranged between 0.3 and 82.6 m (Figs. 1, 2, Table 2), but 98.8%
of dives were <30 m deep. Average maximum dive depth was
10.7 ± 7.0 m (n = 1850).
L. saintgironsi (snake 1680) dived up to 82.6 m. The long
dive duration associated with this dive (123.7 min) could be an
artefact of combining successive dives, if the sampling rate of
the logger was too low to capture brief periods at the surface.
Based on a mean vertical transit rate of 0.1–0.2 m s−1
(Table 3), however, it appears unlikely that the logger would
have failed to sample snake ascent or descent between dives in
the 80 m depth zone. Furthermore, we did record relatively
long dives (to 37.8 min) also in a snake foraging in shallower
water, and where records were obtained every 5 s (Tables 1,2).
At sea, snake 2177 spent 21.2% of its time at sea at the
surface, 10.0% in descent, 57.9% at the bottom of the lagoon
and 10.9% in ascent. Mean dive depth was 8.4 ± 4 m (0.3–
22.6 m). Dives lasted on average 9.0 ± 5.7 min (0.2–37.8 min)
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and mean post-dive interval was 2.4 ± 7.9 min (0.02–
140.4 min; Fig. 4). Dive duration increased linearly with
maximum dive depth (Fig. 5a). Post-dive interval ≤3.3 min
increased with dive duration and levelled out at ≈1.3 min for
dives lasting ≈12.5 min (Fig. 5b).
Diving behaviour: dive shape and
diurnal cycle
In snake 2177, dives exhibited a variety of shapes: flat-
bottomed, U-shaped or V-shaped (Fig. 3). Flat-bottomed
Figure 1 Laticauda spp. Time-depth profiles (black lines) and time-temperature profiles (grey lines) recorded by three sea kraits. (a) L. laticaudata
(snake 1428), (b) L. saintgironsi (snake 1680) and (c) L. saintgironsi (snake 2177). In snake 2177, rectangles 1 and 2 show when diving activity had
an effect on snake temperature. Between rectangles, temperature variation was linked to the effect of the diurnal oscillation. Thick horizontal grey
lines above each graph represent periods when the snake is on land. The second trip of snake 1428 lasting 0.1 day (on 2 February 2006) was not
considered as a foraging trip as it comprised only one dive.
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dives and other-shaped dives (U- and V-shaped combined)
comprised 69.1% and 30.9% of dives, respectively. Dives were
sometimes skewed, that is, with the descent slower than the
ascent (left-skewed) or the ascent slower than the descent
(right-skewed), resulting in asymmetrical dive shapes (Fig. 6).
Flat-bottomed dives were predominantly non-skewed (90%),
whereas U-shaped dives were mostly right-skewed (52%).
Overall, the dive parameters of snake 2177 depended on
dive shape (Table 3, Supporting Information Appendix S1).
Flat-bottomed dives were deeper and longer-lasting than
other dives, and were followed by longer post-dive intervals,
and more prolonged periods of descent, bottom and ascent
phases. Vertical transit rates of flat-bottomed dives were faster
than in other dives.
Diel timing also affected dive parameters of snake 2177
(Table 3, Fig. 7, Supporting Information Appendix S1, S2
and S3). Dives were deeper and longer during the daytime,
whereas post-dive intervals were longer at night. Vertical
transit rates of flat-bottomed dives were faster during the day
than during the night. Dives that returned to the same depth
zone (intra-depth zone dives; see Materials and methods)
during the day and the night comprised 89.2 and 73.6%,
respectively, of flat-bottomed dives, and 21.1 and 18.1% of
other dives (diurnal period: z = 4.9, P < 0.0001; dive shape:
z = 15.3, P < 0.0001; maximum dive depth: z = −0.6,
P = 0.574; d.f. = 1,1248). Flat-bottomed dives occurred
throughout the 24 h cycle, but were more frequent during the
daytime (Supporting Information Appendix S2). Other dive
types occurred predominantly in the late afternoon and early
evening (Supporting Information Appendix S3).
Discussion
Bio-logging in free-ranging sea snakes
Our sample size was small due to the need to first test the
bio-logging approach on snakes, but also because of the dif-
ficulty of recapturing snakes after release (two snakes were
never recaptured). A researcher can never be certain of recap-
turing a specific snake because sea kraits sometimes move to
different islands within the lagoon (Bonnet et al., 2015); and it
is not logistically feasible for researchers to stay on islets for
weeks on end. Also, equipment failure is a significant risk. Our
sample size was further reduced by the fact that one of four
snakes remained on land throughout the post-surgery period,
possibly as a result of tag implantation. Tag deployment
might have also influenced behaviour of snakes which did go
to sea. Future studies will be necessary to assess this potential
effect, for example, by comparing foraging trip durations
between equipped with bio-loggers compared with snakes
which are simply marked, as is now routinely done for sea-
birds (Phillips et al., 2003).
Link between ectothermy and foraging
behaviour in Laticauda snakes
Both species of Laticauda dived almost continuously during
their time at sea. In L. saintgironsi, vertical transit rates were
about tenfold slower (≈0.05–0.2 m s−1) than those of most
diving endotherms (e.g. Beck, Bowen & Iverson, 2000;
Lovvorn et al., 2004; Watwood et al., 2006; Cook et al., 2010).
This ‘leisurely’ diving behaviour was associated with long dive
durations when compared with diving endotherms of compa-
rable body mass (Brischoux et al., 2008) and to a low catch per
unit effort (CPUE). The CPUE of breeding diving birds, for
example, varies between 1 and 4 g fish min−1 of active time
spent at sea (Enstipp et al., 2006). In L. saintgironsi, for a
mean trip duration of 6.6 days and a mean capture rate of 1.27
fish (83.3 g) per trip (see below ‘Energy budgets of Laticauda
snakes’), CPUE is 0.0044 g fish min−1 of time spent at sea
(excluding surface time), 1000 times less than in seabirds.
These differences in foraging parameters are not due simply to
the smaller body size of Laticauda snakes versus endotherms;
instead, they reflect the snake’s low energy needs because of
lower temperature-specific metabolic rate (on average ≈10%
that seen in resting endothermic tetrapods: Pough, 1980), and
lower body temperatures (Brischoux et al., 2008).
Because Laticauda snakes are benthic foragers, they need to
spend as much time as possible near the seafloor, in potential
contact with the prey. As a result, dives to deeper substrates
are more costly in time: there was a positive relationship
between dive depth and duration in L. saintgironsi (Fig. 5a).
Deep dives last longer because of the need for prolonged
vertical commuting phases (from the surface to the seafloor
and back), which increase overall dive duration. For shallow
dives, it is less clear why snakes do not extend the duration of
time they spend on the seafloor. In Pelamis platurus, the
pelagic yellow-bellied sea snake, dive duration is linked to dive
depth because snakes adjust the volume of air in their lung to
the depth they target in order to reach neutral buoyancy at
depth, and thus reduce oxygen consumption (Cook &
Brischoux, 2014). Similarly, Laticauda snakes might use
respiration-mediated buoyancy control in order to reduce
costs of excessive buoyancy at shallow depths.
Table 2 Laticauda spp. General foraging parameters of three
individuals studied on Signal Islet, New Caledonia
laticaudata saintgironsi saintgironsi
Snake ID 1428 1680 2177
Total trips at sea 4 3 1
Min. trip duration (day) 0.6 2.0 –
Max. trip duration (day) 6.0 10.2 –
Mean trip duration (day) 3.3 ± 2.1 5.4 ± 3.5 10
Total dives recorded 162 434 1254
Min. dives per trip 10 24 –
Max. dives per trip 62 351 –
Mean dives per trip 40.2 ± 21.1 144.7 ± 146.6 1254
Min. dive depth (m) 4.4 2.1 0.3
Max. dive depth (m) 32.4 82.6 22.6
Mean dive depth (m) 19.1 ± 5 14.3 ± 10 8.4 ± 4
Min. dive duration (min) – – 0.2
Max. dive duration (min) – – 37.8
Mean dive duration (min) – – 9.0 ± 5.7
Dive durations are not presented in snakes 1428 and 1680 because of
high logger sampling interval in these individuals (see Table 1).
.
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Because of their short post-dive recovery duration, it is
likely that most dives were aerobic, which converges with
previous conclusions for other free-diving sea snake species
based on dive times (Heatwole, 1975), measures of blood
lactate (Seymour, 1979) and heart rates (Heatwole, Seymour
& Webster, 1979). Interestingly, there was a positive relation-
ship in L. saintgironsi between dive duration and post-dive
interval for dives <10 min long (Fig. 5b). No such relationship
was found in P. platurus (Cook & Brischoux, 2014), possibly
because this species displays strong aquatic cutaneous
exchange, excreting CO2 into water at rates up to 94% of
standard O2 consumption (Graham, 1974). As in Laticauda
snakes, oxygen reserves in P. platurus are mostly found in the
lung, with relatively little oxygen stored in the blood or in the
muscles (Rubinoff et al., 1986). Hence, when surfacing,
P. platurus need in theory only to exhale and inhale once to
entirely replenish their oxygen stores (irrespective of the dura-
tion of the preceding dive), thus explaining the extremely short
post-dive intervals in this species. Reflecting their amphibious
lifestyle, Laticauda snakes have lower rates of aquatic cutane-
ous gas exchange than do P. platurus (Heatwole & Seymour,
1978). Hence, in Laticauda snakes, the increase of post-dive
intervals with dive duration could result from the need to
offload CO2 at the surface (requiring multiple respiratory
cycles). In L. saintgironsi, post-dive intervals stabilized at
≈1.4 min for dives >10 min (Fig. 5b), suggesting that snakes
gain no benefit in terms of recovery beyond this threshold. A
minority (8%) of periods spent at the surface were long (3.3–
140 min), and their role is unclear. They might represent
recovery from diving in cases where the snake engaged in
vigorous underwater activity (perhaps in an attempt to
capture a fish or to escape from a predator) and thus, had to
rely on anaerobic metabolism which requires a sustained
period for recovery (Seymour, 1979; Pough, 1980).
The apparent inability of these ectothermic predators
to sustain vigorous activity via aerobic metabolism may
have important implications for foraging strategies in
L. laticaudata and L. saintgironsi. Underwater observations
suggest that prey is located by slow and careful exploration of
the seafloor, with snakes moving along the substrate and
tongue-flicking in an apparent search for fish scent. When a
fish is detected, snake behaviour shifts suddenly to active
chasing. Fish usually escape by fast swimming from one
shelter to the next, with the snake in hot pursuit (X. Bonnet,
pers. obs.). As soon as they have ingested a fish (occasionally,
more than one), the snakes return to their home islet or, in
some cases, to the nearest islet. Once on land, higher tempera-
tures accelerate digestion. Although snake temperatures were,
Figure 2 Laticauda spp. Distribution of maximum dive depth (black bars) and mean snake temperature during the dive (grey bars) recorded for three
sea kraits. (a, b) L. laticaudata (snake 1428), (c, d) L. saintgironsi (snake 1680) and (e, f) L. saintgironsi (snake 2177).
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on average, only slightly higher on land than at sea, they often
reached 32°C (or more) for a few hours every day (Fig. 1).
Thus, bouts on land may be crucial for physiological processes
such as digestion and also vitellogenesis (Brischoux & Bonnet,
2009). Furthermore, it is likely easier to digest when resting
than when swimming. The presence of a bulky prey in the
stomach may also reduce locomotor (swimming) abilities,
impeding escape from predators (e.g. see Brischoux, Bonnet &
Shine, 2011b).
Link between foraging behaviour and prey
ecology in Laticauda snakes
Dietary analyses show that L. laticaudata specializes on
anguilliform fish living in burrows in soft-bottom substrate
(like seagrass beds, mud flats or sand), whereas L. saintgironsi
specializes on eels that live in crevices in hard-bottom sub-
strate like coral, rubble or rock (Brischoux et al., 2007a;
Brischoux, Bonnet & Shine, 2009b; Brischoux et al., 2011a).
Based on the rate of prey digestion by the snake, Brischoux
et al. (2007a) estimated that prey can be ingested up to 23 km
and 38 km away from the home islet in L. laticaudata
and L. saintgironsi, respectively. The shorter range of
L. laticaudata can be explained by the vastness of the area
covered by the soft-bottom substrate of the lagoon
(Andréfouët & Torres-Pulliza, 2004). In contrast, the foraging
habitat of L. saintgironsi (isolated coral patches, reef flats and
the barrier reef) is more patchily distributed, requiring longer
trips. The mean trip duration of each species is consistent
with this idea (Table 2). Also, the waters prospected by
Figure 3 Laticauda saintgironsi (n = 1). Example of close-up of dive and temperature profiles recorded in snake 2177 over a 5-h period on 19 January
2010. Over the 10-day trip, temperature decreased as a function of dive depth in this snake (y = −0.04x + 26.65, R2 = 0.19, P < 0.0001, n = 1254).
Table 3 Laticauda saintgironsi (n = 1). Summary of dive parameters of snake 2177, as a function of dive shape and day versus night (n = 1254 dives)
Flat-bottomed U- and V-shaped combined
Day Night Day Night
Mean Max. Mean Max. Mean Max. Mean Max.
Max. dive depth (m) 10.5 ± 3.3 22.6 9.0 ± 3.0 21.2 6.1 ± 4.3 21.9 4.2 ± 2.3 16.7
Dive duration (min) 11.9 ± 5.7 37.8 10.1 ± 4.7 25.5 4.7 ± 2.7 12.3 3.5 ± 2.0 9.9
Post-dive interval (min) 1.2 ± 0.5 5.3 5.4 ± 12.5 90.5 0.5 ± 0.4 2.2 2.4 ± 10.0 140.4
Descent duration (min) 1.1 ± 0.6 5.6 1.3 ± 0.8 6.5 1.2 ± 1.0 4.9 1.1 ± 0.6 3.3
Bottom duration (min) 9.9 ± 5.7 34.9 8.0 ± 4.7 23.9 1.4 ± 1.7 6.5 0.5 ± 1.1 6.4
Ascent duration (min) 1.0 ± 0.6 6.9 0.9 ± 0.5 5.6 2.1 ± 1.4 6.3 1.9 ± 1.2 6.1
Descent rate (m s−1) 0.18 ± 0.05 0.41 0.14 ± 0.05 0.43 0.10 ± 0.04 0.27 0.07 ± 0.03 0.24
Ascent rate (m s−1) 0.20 ± 0.04 0.29 0.18 ± 0.05 0.28 0.05 ± 0.02 0.12 0.04 ± 0.02 0.12
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L. laticaudata are warmer than those used by L. saintgironsi
(Fig. 2), and the maximum dive depth of 83 m recorded in
L. saintgironsi (Fig. 1b) could only have occurred (in view of
the bathymetry of the lagoon) over the outer edge of the
barrier reef, a typical hard-bottom habitat. Underwater obser-
vations of snakes in the vicinity of the islet show only
L. saintgironsi foraging in the coral matrix, whereas
L. laticaudata are observed swimming straight out beyond the
reef flat (Brischoux & Bonnet, 2009).
The detailed dive profiles of L. saintgironsi allow further
exploration of snake foraging strategies, although they origi-
nate from one individual (snake 2177) and generalizations to
the population level should be considered carefully. Most
dives by L. saintgironsi were flat-bottomed (≈70%). Overall,
83% of these were dives that returned to the same depth zone
(intra-depth zone dives; see Materials and methods), suggest-
ing consecutive diving to a relatively even seafloor. Such dives
could represent diving over more open habitat, perhaps even
soft-bottom substrate. Other dives, mainly U-shaped and to a
lesser extent V-shaped, displayed a small proportion of intra-
depth zone dives (19%). They could represent diving over a
substrate with uneven bathymetry (like coral) and thus, be
associated to this species’ foraging habitat. Remark-
ably, ≈ 47% of U-shaped dives were right-skewed (and the
remaining mostly non-skewed, Fig. 6). Plausibly, snakes often
dive to the bottom of vertical structures or coral heads and
then ascend slowly beside them, hunting for prey. It is not
clear why U-shaped dives in L. saintgironsi would occur
mostly in the late afternoon, around dusk and throughout the
night (Supporting Information Appendix S3); prey activity
rhythms need to be investigated. Interestingly, the longest
surface periods occurred exclusively at night, after flat-
bottomed as well as U- or V-shaped dives (Fig. 7). If these
represent post-dive recovery behaviour, they could be the con-
sequence of a sustained locomotor activity (see ‘Link between
ectothermy and foraging behaviour in Laticauda snakes’), as
occurs during active hunting. Day-night differences in dive
parameters were not clear-cut in U- and V-shaped dives,
Figure 4 Laticauda saintgironsi (n = 1). Distribution of (a) dive duration
and (b) post-dive interval in snake 2177.
Figure 5 Laticauda saintgironsi (n = 1). (a) Maximum dive depth as a
function of dive duration (R2 = 0.40, P < 0.0001, n = 1254) and (b) dive
duration as a function of post-dive interval (R2 = 0.20, P < 0.0001,
n = 1150) in snake 2177. In b, the regression was plotted for post-dive
intervals ≤3.3 min (see ‘Statistics’ in Materials and methods).
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possibly because of the scarcity of such dives during the
daytime (Supporting Information Appendix S3). In flat-
bottomed dives, dives were deeper during the day (Supporting
Information Appendix S2), perhaps because this is when
snakes commute over deep, open habitat, between shallow
and rocky feeding habitats.
Energy budgets of Laticauda snakes
Our sea kraits displayed high activity rates, diving continu-
ously and combining bouts of travelling with bouts of hunting
behaviour. It usually takes a snake several days to secure a
single prey and then several additional days to return to land
to digest it. This seems to be an inefficient foraging behaviour,
compared with diving endotherms (see above), but the mag-
nitude of such inefficiency depends upon the field metabolic
rate of sea kraits. We propose a simple energetic model in
order to explore this question. Using their activity budgets, the
energy expenditure of snakes was calculated as 28.6 kJ kg−1
day−1 and 23.2 kJ kg−1 day−1 on land, and 230.4 kJ kg−1 day−1
and 244.9 kJ kg−1 day−1 at sea, in L. laticaudata and
L. saintgironsi, respectively (Supporting Information Appen-
dix S4).
Even if they are approximate, our estimates suggest some
general conclusions about the metabolic rate of free-ranging
Laticauda snakes. At-sea metabolic rate was 8.0 times and
10.5 times greater than on-land metabolic rate in
L. laticaudata and L. saintgironsi, respectively. These snakes
are slothful on land, but almost continuously active in the
water. By contrast, many terrestrial snakes rely upon ambush
predation, and activity levels (and thus, their metabolic rates)
while foraging may be close to baseline resting levels (Secor &
Nagy, 1994). Overall field metabolic expenditure was very low
compared with marine endotherms. Expenditure estimates for
breeding diving seabirds vary between 1260 and 1780 kJ kg−1
day−1 (Enstipp et al., 2006), about 10–20 times greater than
our estimates of overall field metabolic rate for Laticauda
snakes. Thus, as is true in a range of situations worldwide,
ectothermy allows animals to exploit trophic niches in ways
that are very different from those of sympatric endotherms;
Figure 6 Laticauda saintgironsi (n = 1). Shapes of dives carried out by snake 2177. (a, b) Flat-bottomed dives (≈70%) comprised non-skewed
flat-bottomed dives (dive 1), left-skewed flat-bottomed dives (dive 2) and right-skewed flat-bottomed dives (dive 3). (c, d) Other dives (≈30%)
comprised non-skewed U-shaped dives (dive 1), left-skewed U-shaped dives (dive 2), right-skewed U-shaped dives (dive 3) and V-shaped dives (dive
4). Examples of shapes are actual dives recorded by L. saintgironsi.
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and allows populations to thrive on rates of energy intake
vastly lower than are required for their endothermic competi-
tors (Pough, 1980).
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